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Abstract  
In this paper, a series of eight geological models was used to study the impact of six geological heterogeneities on CO2 storage 
in carbonate aquifers. Three environments of depositions (EODs) of carbonate ramps namely inner ramp, mid ramp and outer 
ramp along with pelagics were incorporated into the models. The geological heterogeneities under study include EOD belt 
boundary interfingering, EOD belt geometry, EOD belt rock properties, anisotropy of EOD belt permeability, character of the 
EOD belt boundaries and sequence boundary rock properties. These heterogeneities are modelled as end-members identified in 
published studies of carbonate outcrops.  
The geological storage performance of each model was assessed by examining the storage capacity as well as the fraction 
of CO2 dissolved in water phase, trapped in gas phase and mobile in gas phase. Results indicated that the storage capacity of a 
carbonate aquifer is pressure limited. Formations with high EOD belt rock property are therefore good candidates for CO2 
storage. The sequence boundary rock property is the main factor controlling the fraction of dissolved CO2. The study also 
showed that geological heterogeneities have little effect on residual trapping as a great amount of CO2 is still immobilised 
regardless of the degree of heterogeneity.  In contrast to residual trapping, geological heterogeneities are shown to have 
considerable impact on the mobile CO2. The fraction of mobile CO2 is found to be limited by the sequence boundary and EOD 
belt rock properties. 
Lateral migration of the CO2 plume was also estimated to study how these geological heterogeneities affect flow in a 
carbonate aquifer. The migrated distance of the CO2 plume crucially depends on the EOD belt rock properties. Additionally, 
EOD belt geometry was found to have different effects during and after injection. A retrogradation-progradation geometry 
promotes migration during injection. Conversely, it becomes a limiting factor after injection.  The sequence boundary rock 
properties are also key controls on migration. Although vertical migration was not investigated, vertical flow barriers were 
found to have significant impact on the shape of the CO2 plume. 
 
Introduction  
Increases in CO2 concentrations in the atmosphere that are the result of the burning of fossil fuels are considered to represent 
the principal cause of global climate change (IPCC, 2005). However, until we can successfully make the transition to greener 
energy alternatives that do not emit CO2, fossil fuels will continue to play a prominent role in meeting energy demand for 
decades to come.  
Nevertheless, it is essential to control the concentration of CO2 in the atmosphere to acceptable values to prevent likely 
damaging changes in climate. Carbon, capture and storage (CCS) has been identified as one of the most promising 
technologies to reduce CO2 emissions from power plants and industry sectors. It is not the only proposed solution, but should 
be considered alongside renewable and lower carbon alternatives (IPCC, 2005).  
There are several potential sites for storing CO2. Early studies have shown that deep saline aquifers present the largest 
storage capacity of CO2 (Koide et al., 1992; Bachu and Adams, 2003) as opposed to unminable coal seams, oil fields and gas 
fields. Moreover, they are widely distributed on a global scale and the waters in these aquifers are too highly concentrated with 
salt to be utilised for human consumption or agriculture. In aquifers, there are four main trapping mechanisms identified in the 
literature, namely: 
1. Hydrodynamic trapping: injected CO2 occurring in mobile gas phase and migrates following pressure gradient, 
eventually trapped under an impermeable cap rock (Bachu et al., 1994; Larkin, 2010). 
2. Solubility trapping: injected CO2 dissolves into formation brine (Ennis-King and Paterson, 2002; Bachu and Adams, 
2003; Van Der Meer and Van Wees, 2006; Burton and Bryant, 2007). 
3. Residual/capillary trapping: CO2 plume becomes disconnected and trapped as a result of hysteresis (Flett et al., 
2004; Kumar et al., 2005; Juanes et al., 2006). 
4. Mineral trapping: precipitation of carbonate minerals as a result of chemical reactions between CO2 and water and 
subsequently rock minerals (Gunter et al., 1993; Bachu et al., 1994;  Xu et al., 2003). 
The first commercial scale project dedicated to storing CO2 emission in a saline aquifer, the Sleipner Project (Korbol and 
Kaddour, 1995; Baklid et al., 1996), started storage in the North Sea by Statoil in 1996. The success of the Sleipner Project has 
opened up many doors for research opportunities as well as encouraged other major oil companies to adopt this new 
technology. 
Presently, most CCS projects are focused on sandstone aquifers. The understanding of the science and engineering 
associated with storing CO2 in saline carbonate aquifers is still lacking. Considering that approximarely 60% of the world’s oil 
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and 40% of the world’s gas (Montaron, 2008) are located in carbonate reservoirs, it is of immense importance to employ such 
technology on these formations. In the Middle East where carbonate reservoirs dominate, policymakers especially in Qatar 
(MOE State of Qatar, 2011) and Saudi Arabia have recognized the potential of CCS to decarbonize their carbon footprint. One 
of the major challenges of storing CO2 in carbonate aquifers as opposed to sandstone aquifers lies in the complexity of the 
heterogeneous nature of the formation. This heterogeneity can occur at different length scales as a result of sedimentation and 
diagenesis (Sibley et al., 1997; Jennings et al., 2000). Structural features present in carbonate formations are also important 
factors in determining the CO2 storage potential of the aquifers. For instance, faults and fractures can provide a pathway for 
CO2 leakage into layers above the cap rock or into neighbouring permeable layers (Chang et al., 2008; Huo and Gong, 2010). 
This paper looks to study the behavior of CO2 both during and after injection for eight different geological models for a 
period of 200 years. The geological storage performance of these models was assessed by examining three different aspects: 
1. Amount of CO2 that can be injected (storage capacity) 
2. Amount of CO2 dissolved in water phase, trapped (immobile) in gas phase and mobile in gas phase 
3. Lateral extent of the CO2 plume during and after injection 
The results of these analyses can then be used to design the best approach to implement carbon sequestration in carbonate 
aquifers. Mineral trapping, despite being a very effective long term storage mechanism, is not investigated in this paper as it is 
more pronounced after thousands of years or longer. 
 
Methodology 
 
Geology 
Carbonate systems can be classified as either inclined ramps or flat-topped platforms (Williams et al., 2011). As the names 
suggest, each system has a very distinguish geometry based on the depositional gradient. This is illustrated in Figure 1. In this 
study, only carbonate ramps are investigated. Ramps can be further subdivided in terms of the different environment of 
depositions (EODs). Figure 2 shows the main EODs of ramps, namely inner ramp, mid ramp and outer ramp (Burchette and 
Wright, 1992). The characteristics of the sediments of the ramps can have considerable effects on the flow of reservoir fluids as 
well as injected CO2. Inner ramp consists of sediments dominated by sand shoals or organic barriers and shoreface deposits. On 
the other hand, mid-ramp sediments are grain-dominated with numerous graded beds and cross-stratification. These features 
make them favourable flow conduits compared to the inner ramp. Lastly, outer ramp sediments are mud-dominated and are 
unfavourable flow conduits. These EODs, along with marl and shale dominated pelagics are incorporated into the geological 
models to assess the behavior of CO2 in carbonate aquifers.  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Geological Model 
A series of eight geological models were developed in a separate study to investigate the impact of stratigraphic heterogeneities 
on flow in carbonate reservoirs (Fitch et al., in review). The same geological models are used in this study to assess how they 
respond to CO2 storage. The geological models were constructed to investigate six heterogeneities, at two end-member settings 
as shown in Table 1. These geological heterogeneities were constrained from published studies of carbonate outcrops, 
including the homoclinal ramps of Spain (Badenas et al., 2010), Germany (Palermo et al., 2010; Koehrer et al., 2010) and 
Morocco (Pierre et al., 2010; Amour et al., 2012), and the distally steepened ramps of Italy (Mutti et al., 1996), Menorca, Spain 
(Pomar et al., 2002), and the Sultanate of Oman (Cozzi et al., 2004). Figure 3 and Figure 4 show outcrops taken from Morocco 
Figure 2: Sketch illustrating the main environments of depositions 
of a homoclinal carbonate ramp. MSL = mean sea level; FWWB= 
fair-weather wave base; SWB= storm wave base; PC= pycnocline. 
(Bruchette and Wright, 1992). 
Figure 1: Sketch illustrating the depositional profile of 
carbonate systems, showing ramps and platforms (modified 
from Pomar, 2001). Angle of slope of ramps from shoreline 
to basin is typically less than 1o (Burchette and Wright, 
1992). 
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and Sultanate of Oman respectively. As such, these 
models do not reflect an individual outcrop or reservoir. 
Instead they provide generic stratigraphic frameworks.  
The stratigraphic heterogeneities incorporated into 
the geological models control the spatial distribution and 
petrophysical properties of EOD belts between 
stratigraphic surfaces. The following describes the 
heterogeneities investigated and their impact on 
reservoir architecture properties (Fitch el al., in review): 
1. EOD belt boundary interfingering: A short 
interfingering length of 8 km gives rise to thicker 
EOD belts with pronounced vertical thickness 
variation across the model. A longer interfingering 
length of 24 km decreases the thickness and lateral 
variation of the EOD belts across the model, 
resulting in a more layer-cake geometry. 
2. EOD belt geometry: A simple case where only 
progradation occurs between two stratigraphic 
surfaces. The EOD belts dip landward and show 
pronounced vertical thickness variation laterally. 
When the more complex retrogradation-
progradation setting is used, the EOD belts dip 
basinward in the lower part of the sequence. This complexity results in thinner EOD belts with limited lateral variability 
in vertical thickness.    
3. EOD belt rock properties: The porosity and permeability values are assigned to reflect variability in lithofacies within the 
EOD belts. These values are obtained from a proprietary dataset of core plug measurements (Fitch et al., in review). The 
high setting for petrophysical properties represents a grain-dominated ramp, while low setting represents a mud-
dominated ramp. 
4. Anisotropy of EOD belt permeability: Anisotropy in permeability is used to represent geologic variability at a smaller-
scale within the EOD belts. In the isotropic setting, horizontal and vertical permeability have the same values. In the 
anisotropic setting, the vertical permeability is lower than the horizontal permeability. The anisotropy ratio varies from 
0.1-0.4 (Fitch et al. in review). 
5. Character of the EOD belt boundaries: The EOD belt boundary can either be sharp or transitional. Transitional boundaries 
between EOD belts represent uncertainty in their location, and the interfingering of sedimentological units within the 
EOD belt sequences. They are made up of three 100 m wide zones, where petrophysical properties are effectively 
smoothed between neighbouring EOD belts. 
6. Sequence boundary rock properties: The sequence boundary can either act purely as an architectural feature, with no 
associated properties, or it may behave as a barrier to vertical flow. Sequence boundaries which act as barriers to vertical 
flow represent cemented hard and firm grounds (Fitch et al., in review). They are very thin layers of about 10 cm and 
have extremely low permeability values. These barriers to vertical flow typically occurs between the good quality EOD 
belts (inner ramp and mid ramp) and overlying poorer quality EOD belts (outer ramp and pelagic belts). 
 
                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4: Outcrops of Neproterozoic carbonate ramp 
showing outer ramp facies located in Sultanate of 
Oman (modified from Cozzi et al., 2004). 
Table 1: Summary of the six stratigraphic heterogeneities at settings 
A and B incorporated into geological models to study CO2 storage in 
carbonate aquifers (Fitch et al., in review). 
 
Figure 3: Outcrops and photo-micrographs of main 
lithofacies types of Jurassic ramps located in Morocco 
(modified from Amour et al., 2012). 
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Fitch et al. (in review) used a fractional factorial experimental design (Box et al., 1987) to define eight geological models 
with different combinations of the heterogeneity end-member settings. The combinations of heterogeneities used in the eight 
models are shown in Table 2. The 2D depositional-dip section of each model is shown in Figure 5. All aquifer models have 
dimensions 4000 m x 4000 m x 66 m and each grid cell has dimensions 67 m x 67 m x ≤ 1 m.  The number of cells in the 
models varies from 277,200 to 464,400 with increasing number of layers, reflecting inclusion of finer-scale geological 
heterogeneities. Some of the boundary conditions at the edge of the models are transmissible. This is representative of a large 
open aquifer, which might lead to inaccurate predictions of the storage potential of the models due to leakage.  
 
Models 
Interfingering 
length 
EOD belt 
geometry 
EOD belt 
petrophysical 
properties 
Anisotropy 
EOD belt 
boundary 
Sequence 
boundary rock 
properties 
A short progradation high isotropic transitional barrier 
B long progradation high anisotropic sharp none 
C short 
retrogradation-
progradation 
high anisotropic sharp barrier 
D long 
retrogradation-
progradation 
high isotropic transitional none 
E short progradation low anisotropic transitional none 
F short 
retrogradation-
progradation 
low isotropic sharp none 
G long progradation low isotropic sharp barrier 
H long 
retrogradation-
progradation 
low anisotropic transitional barrier 
Table 2: Combination of heterogeneities of each geological model generated using fractional factorial experimental design (modified 
from Fitch et al., in review). 
 
Injection Strategy 
The CO2 storage potential of the carbonate aquifer models was investigated through fully implicit numerical modelling using 
ECLIPSE 300. All the models were initially saturated with water. Sodium Chloride (NaCl) and Calcium Chloride (CaCl2) were 
introduced into the models to make the aquifer saline. The composition of each component is shown in Table 3.  
Figure 5: 2D depositional-dip section of geological models illustrating the relative thickness of EOD belts, geometry EOD 
belts, nature of EOD belt boundaries and sequence boundary rock properties (Fitch et al., in review). 
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Components Composition 
H2O 0.91 
CO2 0.00 
NaCl 0.07 
CaCl2 0.02 
Table 3: Composition of components present in carbonate aquifers before injection of CO2. 
The diffusion coefficients of all four components were defined at 0.0001 m
2
/day in water phase and 0.001 m
2
/day in gas 
phase. A set of relative permeability was taken from experimental investigation of Mt. Simon sandstone (Krevor et al., 2012) 
instead of carbonates (Bennion and Bachu, 2010). This is because the experiment conducted on carbonates lack accuracy. 
Assuming that the reservoir under study is highly water wet, the relative permeability for water during imbibition would 
remain the same during drainage, as shown in Figure 6. The relative permeability hysteresis is modelled using Killough’s 
method. 
 
Figure 6: Drainage and imbibition relative permeability curves of Mt. Simon (Krevor et al., 2012). 
 Two wells (Injector A and Injector B) placed at two 
opposite corners of the models were used to inject CO2. This 
is illustrated in Figure 7. They were positioned far away from 
each other. If the wells were positioned close to each other, 
there is a high risk of production of water and/or CO2 in one 
of the wells (or both) as a consequence of high injection rates 
from the other well.  
Generally, injectors are only completed at the bottom 
interval, allowing CO2 to migrate upwards with buoyancy. 
However in this study, both injectors were completed over 
the whole reservoir interval in order to study how CO2 
behaves when it moves laterally across different EOD belt 
thickness. 
Injection began at 01/01/2020. Van der Meer suggested 
that injecting CO2 in a supercritical state is the most desirable 
(Van der Meer, 1993) for storage in aquifers. Thus CO2 was 
injected at a temperature of 32.2 
o
C and with a surface 
pressure of 250 bars, the bottom hole pressure was 
constrained at 400 bars (hydrostatic pressure ~ 150 bars). The 
injection rates were set at approximately 0.4 Mt/yr for each 
well and slowly reduced to account for increasing pressure. 
Both wells were shut after 20 years and post injection was monitored up to 200 years. An illustration of the pressure and 
injection profile is given in Figure 8. The same injection condition is applied to all models. 
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Figure 7: Gas saturation of model A before injection. Injector 
A and B located far away from each other to ensure that the 
injection in one well wouldn’t result in production of water 
and/or CO2 in the other well. 
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Figure 8: Bottom hole pressure and gas injection rate profile of Injector A in model A. Although the same injection strategy is used 
for the other models, the profile would be different (Appendix B) due to the different settings of stratigraphic heterogeneities 
mentioned in Table 1. 
Results 
The amount of CO2 injected was compared to the amount of CO2 stored for all models. A difference of less than 1% suggests 
that leakage through the boundaries of the open aquifer has negligible effect on the predicted CO2 storage potential (Table C 
1). Valid comparisons can thus be made between the models.  
The dynamic results of the simulation indicated a few similar trends between the models. During early injection, zones 
with good petrophysical properties (inner ramp and mid ramp) generally have higher gas saturation than zones with poor 
petrophysical properties (outer ramp and pelagic belts). The former allows more volume of CO2 to be injected. CO2 moves 
laterally by diffusion and advection, with injection pressure and drainage relative permeability effects as the driving forces. 
CO2 in mid ramp belt was observed to move laterally more quickly than in inner ramp belt as it has higher horizontal 
permeability. Overtime, gas saturation (or mobile CO2) shows higher values in inner ramp than in mid ramp, although gas 
injection rates are higher in mid ramp. This is illustrated in Figure 9. When CO2 displaces brine in the mid ramp, it dissolves 
rapidly at the same time forming aqueous CO2. This dissolution process gives rise to solubility trapping. 
 
 
 
Injection starts at year 2020 and rates 
decrease due to increasing pressure. 
Well was supposed to shut at year 2040 
(after 20 years of injection). However 
pressure constraint set at 400 bars was 
reached by year 2032. Hence well was shut 
earlier. 
CO2 behaviour in the aquifer was investigated 
up to year 2220 (200 years) 
Year of injection 
(A) (B) 
Inner ramp Inner ramp 
Mid ramp Mid ramp 
Figure 9: (A) Gas saturation in the inner and mid ramps during 2nd month of injection (01/02/2020). (B) Gas saturation in the 
inner and mid ramps after 2.5 years of injection (01/06/2022). The average injection rates in the mid ramp are higher than 
inner ramp in both cases. Although gas saturations in the mid ramp are clearly higher than inner ramp during the 2nd month 
of injection, it decreases eventually due to rapid dissolution with the aquifer. 
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The dynamics of CO2 plume migration behaves 
differently after injection. Formation brine with aqueous CO2 
being denser, eventually sinks down and mobile CO2 
migrates upwards as a result of gravity effects (Lindeberg and 
Wessel-berg, 1997). This leads to the symmetrical inverted 
cone shape of the CO2 plume, as shown in Figure 10. In 
addition to that, hysteresis occurs where two relative 
permeability effects are taking place rather than one as 
opposed to during injection. At the head of the CO2 plume, 
drainage relative permeability effects are still prominent. 
However, at the tail of the CO2 plume, imbibition relative 
permeability effects prevail. Brine imbibes the CO2 plume, 
trapping it as a residual immobile phase in the pore spaces 
(Flett et al., 2004;   Juanes et al., 2006; Spiteri et al., 2005). 
In fact, residual trapping is so dominant after injection 
that solubility trapping starts to slow down and amount of 
mobile CO2 decreases significantly. This is illustrated in 
Figure 11. These trapped CO2 will eventually dissolve over 
geological time. All models exhibit the same storage efficiency as well. The fraction of pore volume containing CO2 is 
approximately 3% regardless of the heterogeneities (Table C 2). Figure 12 shows the amount of pore volume and pore volume 
injected for models A to H. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The dynamic results of the simulation also showed several differences with regard to storage capacity and the state of the 
CO2 in the aquifer. This is presented in Figure 13. The maximum lateral extent of the CO2 plume migration, shown in Table 4, 
includes both during and after injection. This is because as mentioned before, the dynamics of fluid flow are different for both 
cases. Comparisons between models of plume migration during injection are unreliable if observed at the same year. This is 
because different amount of CO2 is present at the same time. Instead the plume migration during injection was analysed when 
1.5% of the total pore volume had been injected. The vertical migration of the plume however is difficult to quantify as the 
whole reservoir interval was completed. Additionally, to draw comparison of the effects of the stratigraphic heterogeneities 
presented in Figure 5, the plume migration is only analysed for Injector A going across laterally the cross section shown. 
 
Figure 10: Gas saturation of model A showing inverted cone shape 
of CO2 plume as a result of gravity effects after 200 year. 
Figure 12: Total pore volume and pore volume injected of each 
model. All models possess similar storage efficiency at 
approximately 3%. 
 
 
Figure 11: Amount of CO2 dissolved in water phase, trapped as 
gas phase and mobile as gas phase over 200 years in model A. CO2 
dissolves rapidly during early injection but slowed down once 
residual trapping begins in year 2030. 
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Figure 13: Amount of CO2 stored, dissolved in water phase, trapped in gas phase and mobile in gas phase after 200 years. The 
fraction of CO2 existing as an aqueous, immobile or mobile state varies for different models (Table C3). 
Models 
Maximum lateral 
extent of CO2 plume 
migration during 
injection (m) 
Maximum lateral 
extent of CO2 plume 
migration after 
injection (m) 
A 830 2230 
B 700 1760 
C 970 1830 
D 630 1765 
E 630 1765 
F 560 1760 
G 695 1500 
H 760 1760 
Table 4: Maximum lateral extent of CO2 plume during injection (1.5 % pore volume injected) and after injection (200 years). 
Analysis and Discussion 
The wide variation of results shown above can be explained by how the six geological heterogeneities, mentioned in Table 1, 
affect flow in a carbonate aquifer. The significance of each parameter is studied by conducting a sensitivity analysis. This study 
shows the percentage change of storage capacity, fraction of CO2 in dissolved, trapped and mobile state (Table C 3)and the 
lateral plume migration as a result of changing the geological heterogeneities from setting A to setting B presented in Table 1.  
 
Impact of Geological Heterogeneity on Storage Capacity 
The storage capacity of carbonate aquifers is highly affected by how the injected CO2 migrates during injection. Hence it is 
important to understand the way in which different geological heterogeneity setting controls CO2 migration. From the tornado 
chart on Figure 16(A), it can be deduced that the difference in CO2 storage capacity between the models is significantly due to 
the EOD belt rock properties. Changing the porosity and permeability from high to low led to a 60% reduction of storage 
capacity. High permeability aquifers are clearly favourable for injection as opposed to low permeability aquifers (Bachu et al., 
1994). In low permeability aquifers, CO2 plume tends to accumulate around the injector instead of migrating further away. As a 
result, a large pressure gradient is created around the wellbore. It causes injectors penetrating through formations with low 
permeability to shut relatively earlier than wells in high permeability formations. This is evident as well in Figure 17(A) where 
EOD belt rock properties represent the highest influence on lateral plume migration during injection. A change of EOD belt 
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rock properties from high to low led to a decrease in lateral plume migration by 30%. Additionally, aquifers with high porosity 
are favourable as models with higher pore volumes (models A to D) can accommodate higher amount of CO2 (Figure 12).  
  The next most significant geological 
heterogeneities affecting CO2 storage capacity are 
the EOD belt boundary interfingering and EOD 
belt geometry. Changing interfingering length 
from short to long reduces the storage capacity by 
17% whereas changing EOD belt geometry from 
progradation to retrogradation-progradation 
reduces the storage capacity by 13%. Both 
parameters determine the thickness and trajectory 
of the EOD belts. A short interfingering length 
(models A, C, E and F) with thick high quality 
petrophysical EOD belts (inner ramp and mid 
ramp) can accommodate higher amount of CO2 as 
opposed to long interfingering length with lower 
fraction of high quality petrophysical EOD belts. 
Similarly, a simple progradation geometry would 
mean higher fraction of high quality petrophysical 
EOD belts. However the presence of 
retrogradation-progradation geometry gives rise to 
higher fraction of pelagics (models C, D, F and H) 
due to the belts pinching out. From Figure 17(A), 
when EOD interfingering length and geometry are 
changed from setting A to setting B (Table 1), the 
plume migrated distance is increased by 6.5% and 
11% respectively. Although setting B for both 
heterogeneities are unfavourable in terms of 
storage capacity, CO2 migrates further away from 
the injector. This is because a thinner inner and 
mid ramp produces a greater contrast in 
permeability between the neighbouring outer ramp 
and pelagic belt. The greater contrast forces the 
inner and mid ramp to become the main flow conduits for CO2 plume. This is illustrated in Figure 14. The same effect is 
produced with retrogradation-progradation geometry where higher amount of pelagic produces higher contrast in permeability. 
Changing sequence boundary rock properties and character of EOD belt boundaries from setting A to setting B (Table 1) 
resulted in positive effects on storage capacity. They increased the storage capacity by 3.5 % and 3% respectively. Changes in 
gas saturation through time have demonstrated that when injected CO2 hits a surface barrier, it flows along these barriers. They 
allowed zones such as the inner ramp and mid ramp to act as isolated flow conduit and guide the movement of CO2 away from 
the well. This is reflected on the tornado chart in Figure 17(A). Sequence boundary rock properties have the second highest 
influence on lateral plume migration after EOD belt rock properties. The plume migrated distance increased by 11% when 
sequence boundary rock properties is changed from no barriers to vertical flow barriers. Instead of flowing into a neighbouring 
low quality petrophysical EOD belt such as the outer ramp or pelagic belts, the surface barriers facilitate the CO2 plume to 
move further away from the well. The transitional boundary, which is made up three layers are favourable for injection. This is 
because the layer with the highest permeability can serve as an extra flow conduit for the CO2 plume. In Figure 17(A), 
changing the EOD boundary from sharp to transitional increased the lateral plume migration by 6%.  
Anisotropy of EOD belt permeability has the least impact on CO2 storage capacity, i.e. less than 1%. An anisotropic setting 
would cause the CO2 plume to primarily migrate laterally whereas an isotropic setting would cause the CO2 plume to migrate 
both laterally and vertically. An anisotropic setting is thus preferred during injection as drainage relative permeability effects 
dominate. From Figure 17(A), changing the anisotropy of EOD permeability from isotropic setting to anisotropic setting 
increased the lateral plume migration by 2%. 
  
Impact of Geological Heterogeneity on Solubility Trapping 
Previous studies suggest that convective mixing is a more rapid and dominant trapping mechanism compared to diffusion 
(Ennis-King and Paterson, 2005). An isotropic aquifer would trigger convection faster than an anisotropic aquifer. However 
results here suggest otherwise. Geological heterogeneities that promote the lateral migration of CO2 enhance solubility trapping 
as opposed to vertical convection. From Figure 16(B), changing the sequence boundary rock properties from no barriers to 
vertical flow barriers increased the fraction of dissolved CO2 by 16%. Similarly, changing an isotropic setting to an anisotropic 
setting increased the fraction of dissolved CO2 by 6%. This is because convective mixing is only significant in high 
permeability formations (Ennis-King and Paterson, 2005). The upward migration of CO2 becomes a limiting factor as it leaves 
900 m 
1170 m 
Figure 14: Gas saturation of model A after 10 years of injection (01/12/2030). 
Model A consist of several layers of mid ramp with different lateral thickness 
(Figure 5A). In the thinner layer (near the bottom), CO2 plume migrates 
1170m away from the well. However in the thicker layer (near the top), CO2 
plume only managed to migrate 900m away from the well. 
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a great volume of saline aquifer untouched laterally across the reservoir. The aquifer depth is only 67 m whereas from west to 
east, it stretches for 4000 m.  
The EOD belt boundary interfingering contributes significantly to the solubility trapping mechanism as well. When it is 
changed from short to long, the fraction of dissolved CO2 is decreased by 11%. Short interfingering length, which gives rise to 
thicker mid ramp belts, is favoured as it increases the contact for dissolution between CO2 and aquifer. Another factor that 
increases the contact between CO2 and aquifer is having good quality rock properties. From Figure 16(B), changing the EOD 
belt rock properties from high to low decreased the fraction of dissolved CO2 by 6%. A high permeability aquifer allows more 
brine to be exposed to CO2, effectively increasing dissolution. Both EOD geometry and EOD belt boundary have limited 
impact on the fraction of dissolved CO2, i.e. less than 1%.  
 
Impact of Geological Heterogeneity on Residual Trapping 
Geological heterogeneity of the carbonate aquifer has relatively less impact on residual trapping compared to solubility 
trapping. From Figure 16(C), the most significant factor in immobilising CO2 is the EOD belt rock properties. However 
changing the EOD belt rock properties from high to low merely increases the fraction of trapped CO2 by 3%. Unlike solubility 
trapping, residual trapping dominates in low permeability aquifers. Low permeability aquifers can effectively immobilise CO2 
as water imbibes the tail of the plume. The pores in pelagic belts are poorly connected, thus breaking the continuous CO2 
plume in a snap-off process (Al-Futaisi and Patzek, 2003). This also explains the decrease in plume migration as a result of 
changing the EOD geometry from progradation to retrogradation-progradation in Figure 17(B). Residual trapping occurring in 
the pelagic belts retards CO2 plume migration (Altundas et al., 2010). Plume migration did not decrease when EOD geometry 
is changed from progradation to retrogradation-progradation during injection (Figure 17(A)) because residual trapping only 
begins after injection. 
When the EOD belt boundary interfingering is changed from short to long, the fraction of trapped CO2 is increased by 
1.5%. A thinner belt would mean fewer well-connected pores for CO2 plume to be mobile. Changing sequence boundary rock 
properties from no barriers to vertical flow barriers resulted in a negative impact on the fraction of trapped CO2 by 2.5%. This 
is because as CO2 reaches the surface barriers, imbibition ceases and this fraction of CO2 are left mobile (Spiteri et al., 2005). 
The anisotropy of EOD belt permeability, character of EOD belt boundaries and EOD belt geometry have limited impact on 
immobilising CO2, i.e. less than 1%.  
 
Impact of Geological Heterogeneity on Mobile CO2 
The amount of mobile CO2 starts to decrease significantly when residual trapping begins after wells shut in. This is illustrated 
in Figure 15. From Figure 16(D), the sequence boundary rock properties and EOD belt rock properties are the main geological 
heterogeneities that affect the fraction of mobile CO2 present in the aquifer. Changing sequence boundary rock properties and 
EOD belt rock properties from setting A to setting B decreases the fraction of mobile CO2 by 130% and 100% respectively. 
The vertical flow barriers prevent the upward migration of the CO2 plume and guide the plume to flow laterally, thus 
enhancing dissolution.  On the other hand, low permeability and porosity aquifer tends to immobilise CO2 through residual 
trapping.  
 
Figure 15: Gas saturation of model A at (A) 1st year of injection (01/12/2020), (B) 5th year of injection (01/12/2025), (C) 10th year of 
injection (01/12/2030) and (D) 8 years after injection (01/12/2040). Injection began at 01/01/2020 and gas saturation increase 
accordingly as shown in (A), (B) and (C). When injectors shut at 01/12/2032, gas saturation declined immediately as shown in (D). 
 
(A) 
(C) 
(B) 
(D) 
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The next significant geological heterogeneities are the anisotropy of EOD belt permeability and EOD belt boundary 
interfingering. From Figure 16(D), changing an isotropic setting to an anisotropic setting decreases the fraction of mobile CO2 
by 95%. An isotropic setting allows the CO2 plume to migrate not only laterally from the injector, but vertically as well after 
injection. From Figure 17(B), anisotropy is more sensitive for lateral flow after injection (increase by 5%) than during injection 
(increase by 2%). As gravity effects dominate, the need for an anisotropic setting is higher to direct the CO2 plume to flow 
laterally. When EOD belt boundary interfingering is changed from short to long, the fraction of mobile CO2 increases by 85%. 
From Figure 16(B), the EOD belt boundary interfingering represents the second most significant factor in solubility trapping. 
Thicker EOD belts thus decrease the fraction of mobile CO2 by promoting dissolution.  
From Figure 16(D), changing EOD belt geometry from progradation to retrogradation-progradation increased the fraction 
of mobile CO2 by 30%. EOD belt geometry has limited impact on dissolved CO2 and trapped CO2. However it does affect the 
lateral plume migration during injection. As mentioned before, the retrogradation-progradation geometry introduces higher 
permeability contrast between adjacent EOD belts. CO2 preferably flows through the inner and mid ramp due to increase 
contrast in permeability. When the character of EOD belt boundaries is changed from sharp to transitional, the fraction of 
mobile CO2 is decreased by 30%. The character of the EOD belt boundaries is insensitive towards the solubility and residual 
trapping.  
 
 
 
Figure 16: Tornado chart showing effects of changing stratigraphic heterogeneity from setting A to setting B on (A) storage capacity, 
(B) dissolved CO2, (C) trapped CO2 and (D) mobile CO2. 
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Figure 17: Tornado chart showing effects of changing stratigraphic heterogeneity from setting A to setting B on (A) lateral plume 
migration during injection (1.5% of pore volume injected) (B) lateral plume migration after injection (200 years). 
Impact of Geological Heterogeneity on Plume Migration 
The effects of changing geological heterogeneities from setting A to setting B (Table 1) on lateral plume migration has been 
discussed above when explaining impact of geological heterogeneities on storage capacity and state of CO2. Although vertical 
plume migration was not investigated, the shape of the CO2 plume after 200 years showed two distinct features between the 
models. This is illustrated in Figure 18. 
 
Figure 18: (A) Gas saturation of model A after 200 years, showing shape of CO2 plume at different EOD belts. CO2 accumulates 
below the vertical flow barriers. (B) Gas saturation of model E after 200 years, showing shape of CO2 plume. As there are no vertical 
flow barriers separating the good quality and poor quality EOD belts, CO2 accumulates at the top of the aquifer. 
Models with vertical flow barriers (A, C, G and H) displayed similar CO2 plume shape to Figure 18(A). On the other hand, 
models without vertical flow barriers (B, D, E and F) displayed similar CO2 plume shape to Figure 18(B). As mentioned 
before, gravity effects dominate after injection, giving rise to the inverted cone shape of the CO2 plume. However models with 
barriers prevented the vertical migration of CO2 into the neighbouring belts above, resulting in numerous inverted cone shape 
of the CO2 plume (Figure D1) as opposed to no barriers forming a continuous shape (Figure D2). This is evident as well on 
Figure 16(D), where the amount of mobile CO2 is highly dependent on the sequence boundary rock properties. The 
accumulation of CO2 just below the barriers is crucial in preventing the leakage. When CO2 accumulates at the top of the 
aquifer, it increases the risk of leakage. 
 
Conclusion 
The storage efficiency of carbonate aquifers have been investigated by quantifying the amount of CO2 that can be stored as 
well as the amount of CO2 dissolved in water phase, trapped in gas phase and mobile in gas phase. This investigation took into 
account of the end-members of six geological heterogeneities  identified in the literature (Fitch et al., in review). The impact 
of each geological heterogeneity on storage capacity and state of CO2 is explained by identifying the key controls on plume 
migration both during and after injection. From this study, the following conclusions were made: 
-40 -30 -20 -10 0 10 20
Percentage in lateral plume migration during injection (%) 
-6 -4 -2 0 2 4 6
Percentage change in lateral plume migration 
after injection (%) 
Interfingering length 
 
EOD belt geometry 
 
EOD belt properties 
 
Anisotropy 
 
EOD belt boundary 
 
Sequence boundary 
(A) (B) 
[Reservoir Description of a Middle Eastern CO2 Storage Aquifer]  13 
1) The EOD belt rock properties represent the main factor in determining the amount of CO2 that can be stored. Aquifers 
with high pore volume can accommodate higher amount of CO2. Additionally, formations with high permeability 
allow CO2 to migrate away from the injector. This is favourable as the storage capacity is pressure limited. 
2) The sequence boundary rock properties are the most significant geological heterogeneity controlling the amount of 
dissolved CO2. Vertical flow barriers are favourable as they promote lateral plume migration, thus utilising the large 
volume of aquifer located across the reservoir instead of migrating upwards. 
3) Geological heterogeneities are least sensitive on trapped CO2. A high fraction of CO2 is still trapped regardless of the 
degree of heterogeneity. This is consistent with the previous experimental studies on the effects of aquifer 
heterogeneity on CO2 sequestration (Oloruntobi and LaForce, 2009). EOD belt rock properties are identified as the 
most important geological heterogeneity in residual trapping of CO2. Poor rock properties are efficient in 
immobilising CO2 by hysteresis effects.  
4) Geological heterogeneities are very sensitive towards mobile CO2. The sensitivity analysis indicated that the sequence 
boundary rock properties and EOD belt rock properties are the main factors determining the amount of mobile CO2. 
Vertical flow barriers and poor rock properties promote solubility and residual trapping respectively, thus reducing the 
amount of mobile CO2. 
5) The EOD belt rock properties are key controls on lateral plume migration both during and after injection. The main 
difference observed during injection and after injection is the EOD belt geometry. A retrogradation-progradation 
geometry decreases migration after injection as opposed to during injection.  The greater fraction of pelagics resulted 
from the pinching out of a retrogradation-progradation geometry retards plume migration by residual trapping.  
6) The shape of the plume is highly dependent on the sequence boundary rock properties. No barriers result in a 
continuous shape with most CO2 accumulating at the top of the aquifer. Vertical flow barriers result in numerous 
inverted cone shapes with CO2 accumulating under each barrier. 
 
Recommendations for Future Work 
A vital suggestion would be to investigate the impact of these geological heterogeneities on smaller length scales. The length 
scales of geological heterogeneities captured in this study are between hierarchy level 1 to level 4 (Pete et al., in review). At 
smaller length scales such as hierarchy level 5 to level 7, the significance of each parameter on storage capacity, state of CO2 
and plume migration might vary. Additionally, the heterogeneities investigated in this study are end-members settings 
identified in the literature. Studying a range of values between the end-members of the geological heterogeneities would 
improve our understanding of the CO2 storage in carbonate aquifers. Lastly, further research can be carried out to investigate 
structural heterogeneities present in carbonates. Carbonate aquifers are potential CO2 storage candidates. However, to fully 
understand the feasibility and security of carbonate aquifers, the impact of structural heterogeneities such as faults and fractures 
on CO2 storage must also be assessed accordingly.  
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Appendix A: Literature Review 
Document ID Year Title Authors Contribution 
Energy Convers. 
Mgmt 33 (5-8) 
Pg. 611-618 
1992 
“Investigations 
Regarding the Storage 
of CO2 in Aquifers in 
the Netherlands’’ 
Van der Meer 
Identified three scales involved 
in displacement mechanisms, 
each one dominated by different 
processes. 
Energy Convers. 
Mgmt 33(5-8) 
Pg. 619-626 
1992 
‘’Subterranean 
Containment and 
Long-Term Storage of 
Carbon Dioxide in 
Unused Aquifers and 
In Depleted Natural 
Gas Reservoirs’’ 
 
H. Koide, Y. 
Tazaki, Y. 
Noguchi , S. 
Nakayama, 
M. Iijima, K. 
Ito, Y. 
Shindo 
Estimated world’s potential of 
CO2 aquifer disposal by using 
areal method. 
Energy Convers. 
Mgmt 34 (9-11) 
Pg. 941-948 
1993 
‘’Aquifer Disposal of 
CO2 Rich Gases: 
Reaction Design for 
Added Capacity’’ 
 
W.D. Gunter, 
E.H. Perkins, 
T.J. McCann 
Analysed the mineralogy and 
water chemistry of brackish and 
briney waters in carbonate and 
siliciclastic aquifers. 
Energy Convers. 
Mgmt 35 (4) 
Pg. 269-279 
1994 
‘’Aquifer Disposal of 
CO2: Hydrodynamic 
and Mineral 
Trapping’’ 
 
S. Bachu, 
W.D. Gunter 
and E. H. 
Perkins 
Identified two other trapping 
mechanism (besides 
stratigraphic trapping) namely 
hydrodynamic and mineral 
trapping of CO2. 
SPE 36600 1996 
‘’Sleipner Vest CO2 
Disposal, CO2 
Injection Into a 
Shallow Underground 
Aquifer’’ 
A. Baklid, R. 
Korbol, G. 
Owren 
1) First commercial scale project 
dedicated to geological CO2 
storage in a saline formation. 
2) First time CO2 is disposed 
into underground from an 
offshore location. 
SPE 88485 2004 
“The Function of Gas-
Water Relative 
Permeability 
Hysteresis in the 
Sequestration of 
Carbon dioxide in 
Saline Formations” 
M. Flett, R. 
Gurton, I. 
Taggart 
Concluded the significance of 
storage of CO2 in residual gas. 
SPE Journal 
10 (3) 
Pg. 349-356 
2005 
“Role of Convective 
Mixing in the Long-
Term Storage of 
Carbon Dioxide in 
Deep Saline 
Formations” 
J. Ennis-
King, L. 
Paterson 
Described the significance of 
convective mixing in dissolution 
SPE 126688 2009 
“Aquifer Management 
To Accelerate CO2 
Dissolution and 
Trapping’’ 
A. Anchliya, 
C. Ehlig-
Economides 
Presented a method to maximise 
dissolution and trapping by 
recirculating brine in a designed 
engineered system. 
Table A 1: Milestones in CO2 Storage Aquifer Study 
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Energy Conversion and Management Vol.33, No. 5-8, pp.611-618 (1992) 
Investigations Regarding the Storage of CO2 in Aquifers in the Netherlands 
 
Authors: V. D. Meer 
 
Contributions to understanding of CO2 storage aquifer: 
1. Identified individual mechanism affecting displacement at microscopic scale, macroscopic scale 
and megascopic scale. 
2. Identified several constraints an aquifer must satisfy for CO2 storage 
3. An investigation of the radial flow behaviour of CO2 showed that aquifer permeability and well 
skin factor are the controlling parameters of a CO2 aquifer storage operation. 
 
Objectives: 
Investigate the technical feasibility, limiting geological conditions and consequences of CO2 storage in 
aquifers. 
 
Methodology used: 
Two different CO2 storage reservoirs were investigated to estimate their potential for long-term storage of 
CO2. 
 
Conclusions reached: 
1. The CO2 water displacement will be controlled by gravity segregation and viscous fingering due to 
differences in densities and mobilities. 
2. The constraints for an aquifer to store CO2 are related to aquifer depth, permeability, presence of a 
seal, and presence of a structural trap.  
Comments: 
Estimates of the effects of CO2 injection on the permeability of storage aquifers and sealing characteristics 
of the cap rock cannot be carried out without examining rock samples. 
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Energy Conversion Vol.34, No.9-11, pp 959-996 (1993) 
The Conditions Limiting CO2 Storage in Aquifers 
 
Authors: V.D. Meer 
 
Contributions to understanding CO2 storage aquifer: 
1. Supercritical state is the most favourable state for injection and storage. 
2. The aquifer should possess intergranular pore space within the rock and its constituent rock must 
be permeable to a fluid. 
3. A very permeable aquifer is required to maintain a steady plateau injection rate. 
4. The aquifer should have an impermeable layer or a seal extending directly above it. 
5. The aquifer should be part of a geological trap structure. 
6. Gravity segregation occurs as density of CO2 being is less than density of aquifer at storage 
conditions. 
7. The displacement front at shallow reservoirs is largely controlled by viscous fingering. However 
this effect is less pronounced at deeper depths. 
Objectives: 
Present the findings of a study to ascertain the practical condition limiting of CO2 storage in aquifers. 
 
Methodology used: 
Storage system was subdivided into four: the surface transport system, the injection system, the storage 
reservoir and the integrity of the total storage system 
 
Conclusion reached: 
1. Predicting the total CO2 storage volume is still a problem. This is because of the vast geological 
possibilities of storage in an aquifer as well as the significant variation of the CO2 properties under 
storage conditions. 
2. Density differences and mobility ratio decreases with increasing pressure or depth. Thus aquifers 
at deeper depths are more favourable as storage medium on the basis of CO2 properties and the 
available storage pressure.  
Comments: 
1. Earlier publications (van Engelenburg et al,1991) on CO2 storage in aquifers were inaccurate. This 
includes those involving storage capacity based on general laws of physics. 
2. Present calculations regarding storage efficiency of an aquifer are subjective due to lack of 
definition of total pore volume available for CO2 storage. 
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Energy Conversion and Management Vol. 35, No. 4 pp. 269-279 (1994) 
Aquifer Disposal of CO2: Hydrodynamic and Mineral Trapping 
 
Authors: Stefan Bachu, W.D. Gunter and E. H. Perkins 
 
Contributions to understanding CO2 storage aquifer: 
1. Aquifer permeability at well scale should be relatively high, but for long term storage 
purposes, the regional scale aquifer permeability should be low. 
2. Brine absorbs less CO2 due to salting effect as opposed to brackish. 
3. If CO2 is dissolved in a fluid in equilibrium with a carbonate formation, the total amount of 
CO2 dissolving into the fluid is greater than if no minerals are present, but no new minerals are 
precipitated. In fact, the formation carbonate minerals dissolve into the fluid and partially 
neutralize the acid created by the addition of CO2. 
4. Carbonate mineral precipitation may reduce aquifer permeability. 
 
Objectives: 
Explores the mechanism of hydrodynamic and mineral trapping. 
 
Methodology used: 
1. Case study of Alberta Basin 
2. Main transport mechanism can be determined by the calculation of the dimensionless Peclet 
number: 
𝑃𝑒 =  
|𝑢∗|𝐿
𝐷𝑜∗
 
|𝑢∗| is the modulus of the mean microscopic velocity  
𝐷𝑜
∗ is the coefficient of molecular diffusion in porous media of the respective substance (CO2) 
L is a characteristic length of porous medium (e.g. mean grain or pore diameter)  
 
Conclusions reached: 
The combination of open system hydrodynamic and mineral trapping mechanisms in some aquifers in 
Alberta Basin produces very favourable conditions for CO2 disposal, eliminating the need for closed-
system stratigraphic traps. 
 
Comments: 
Immiscible flow is assumed in this paper. 
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SPE 36600 (1996) 
Sleipner Vest CO2 Disposal, CO2 Injection into a Shallow Underground Aquifer 
 
Authors: Alan Baklid, Ragnhild Korbol and Geir Owen 
 
Contribution to the understanding of CO2 storage aquifer: 
1. CO2 should be injected at bottom of formation to minimize areal distribution and maximize the 
amount dissolved in water. 
2. No major differences in areal distribution between free and dissolved CO2. 
3. Supercritical conditions resulted in larger distribution of free CO2. 
4. CO2 injected as dense (supercritical) phase to avoid hydrate formation. 
 
Objective of the paper:  
Describe the problems of disposing large amounts of CO2 into a shallow underground aquifer from an 
offshore location in the North Sea. 
 
Methodology used: 
To allow for safe and cost effective handling of CO2, it was necessary to develop an injection system that 
gave a constant back pressure from the well corresponding to the output pressure from the compressor, 
and being independent of the injection rate. 
 
Conclusions reached: 
1. This is accomplished by selecting a high injectivity sand formation, completing the well with a 
large bore and regulating the dense phase CO2 temperature and thus the density of the fluid in 
order to account for the variations in back pressure from the well. 
2. One well with necessary departure from other wells were drilled to provide the conduit to the 
injection point of the formation. 
 
Comments: 
CO2 injection issues in this project differs from industry practice in that the CO2 is wet and contaminated 
with methane, and further, because of the shallow depth, the total pressure resistance in the system is not 
sufficient for the CO2 to naturally stay in the dense phase region. 
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Energy Conversion & Management 41 953-970 (2000) 
Sequestration of CO2 in geological media: criteria and approach for site selection in response to climate 
change 
 
Authors: S. Bachu 
 
Contributions to understanding of CO2 storage aquifer: 
1. The phase of CO2 can be determined by analyzing the geothermal regime in the basin, pressure 
distribution at various areas of the aquifers and on the hydrodynamic regime of the formation 
water. The position of the deep aquifer in relation to the position of the CO2 phases will determine 
the form and method of injection and sequestration.  
2. The sites of injection and sequestration can be determined by studying the strata and zones of high 
permeability and porosity. 
 
Objectives: 
Systematic approach to assess the methods and sites for CO2 storage in geological media. 
 
Methodology used: 
Considered the several criteria when evaluating the potential of a sedimentary basin for CO2 
sequestration. 
 
Conclusion reached: 
The criteria when identifying sites for CO2 storage include tectonic setting and geology; basin geothermal 
regime; hydrodynamic regime of formation water; hydrocarbon potential and basin maturity; economic 
aspects relating to access and infrastructure; and socio-political conditions. 
 
Comments: 
It is generally accepted that CO2 supercritical state is achieved approximately at 800 m. However 
hydrodynamic and geothermal conditions vary for different basin. Furthermore, it also varies at different 
parts on the same basin and also from a sedimentary interval to another. 
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SPE 77809 (2002) 
Engineering Aspects of Geological Sequestration of Carbon Dioxide 
 
Authors: J.Ennis-King and Lincoln Paterson 
 
Contributions to understanding of CO2 storage aquifer: 
1. Convective mixing is predicted to occur that will accelerate dissolution of CO2 with aquifer. 
2. Dissolution is predicted to complete after hundreds to thousands of years. This is dependent on the 
vertical permeability of the formation and geometry of the top seal. 
3. Rate of dissolution is also accelerated by chemical reactions between aqueous CO2 and formation. 
4. CO2 can migrate up to considerable distances in an open aquifer. This is dependent on the angle of 
dip and horizontal permeability. However convection and dissolution can still keep the carbon 
dioxide confined. 
 
Objectives: 
The paper deals with the generic engineering issues of carbon dioxide sequestration from the injection 
phase to the very long term, using both approximate analytical expressions and simulation results. 
 
Methodology used: 
Numerical flow simulation using TOUGH2 software on model based on studies of Petrel sub-basin off 
North West Australia, Elang and Pover formations. 
 
Conclusions reached: 
1. Behaviour of injected CO2 is controlled by gravity buoyancy and low viscosity. 
2. Long term distribution of CO2 depends on competition between dissolution, migration and 
reaction 
3. Low residual gas saturations increase rates of dissolution as trapped residual gas is slowed to 
dissolve. 
4. CO2 migrated distance is controlled by rate of dissolution and residual trapping mechanism.  
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SPE 88485 (2004) 
The Function of Gas-Water Relative Permeability Hysteresis in the Sequestration of Carbon Dioxide in 
Saline Formations 
 
 Authors: M. Flett, R. Gurton and I. Taggart 
 
Contributions to understanding CO2 storage aquifer: 
1. Described the significance of residual trapping of CO2. 
2. Primary variable controlling migration of injected CO2 and pressure buildup in the formation is 
the permeability. 
 
Objectives: 
Reservoir simulation study to investigate gas trapping in a geologic sequestration project. 
 
Methodology used: 
Several subsurface parameters including gas-water relative permeability hysteresis were varied. The CO2 
migrated distance, pressure buildup at geological seal, fraction of CO2 trapped, dissolved and mobile were 
analysed.  
 
Conclusion reached: 
Long term CO2 storage is dependent on permeability field, fraction of dissolved CO2 and fraction of 
trapped CO2 as a gas phase. Residual trapping of gas is demonstrated to have a positive impact on CO2 
storage. 
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Vadose Zone Journal, 3(3), 837–847 (2004) 
Modelling Supercritical Carbon Dioxide Injection in Heterogeneous Porous Media 
 
Authors: C. Doughty and K. Pruess 
 
Contributions to understanding CO2 storage aquifers: 
1. Fine grid model would show higher concentration of CO2 as it allows resolution for buoyancy 
flow. 
2. The simulation has demonstrated that the end points of relative permeability curves significantly 
affects the shifting of the saturation range for which CO2 plume is mobile. 
 
Objectives: 
Investigating the physical process involved and the impact of reservoir heterogeneities during 
sequestration of CO2 in saline aquifer using numerical simulation 
 
Methodology used: 
1. Equation of state package used treats two phases, three components (water, salt, CO2) system in 
the pressure/temperature regime above critical point of CO2.  
2. Two models namely Umbrella point model and South Liberty model were built. 
 
Conclusions reached: 
1. In vadose zones, imbibition or wetting often occurs as opposed to deep brine formations where 
drying processes typically occurs. 
2. Grid effects are critical in both drying and wetting conditions. 
3. Supercritical CO2 plume represents a relatively small volume of non-wetting phase fluid, which 
makes non-wetting phase entrapment potentially significant. 
Comments: 
Chemical reactions between CO2 and rock minerals that could potentially contribute to mineral trapping 
of CO2 are not included. 
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Special Publication of Geological Society, London, UK Special Publication 233 (2004) 
The Role of Hydrogeological and Geochemical Trapping in Sedimentary Basins for Secure Geological 
Storage for Carbon Dioxide. 
 
Authors: W. D. Gunter, S. Bachu and S. Benson 
 
Contributions to understanding of CO2 storage aquifers: 
1. Trapping mechanism evolves with time 
2. Efficiency of each trapping mechanism 
3. Capacity of sedimentary basins for CO2 storage 
 
Objectives: 
Describes the trapping mechanisms (hydrostratigraphic, hydrodynamic, geochemical) of CO2 storage. 
 
Conclusions reached: 
1. Geological mapping of sedimentary basins needs to be revisited with more focus on plumbing 
system and the safe storage of CO2 than has been the traditional approach of the energy industry 
2. Over time, mineral trapping may be the long-term stable sink for CO2. The extent and rate at 
which this occurs depends on the mineralogy and brine chemistry of the sedimentary rocks 
contacted by CO2.  
3. Most secure hydrogeological trap would be closed stratigraphic or structural traps (although 
relatively smaller capacity). Large storage capacity of hydrodynamic traps will be utilised once the 
closed traps are exhausted. 
4. Most secure geochemical trapping would be storing CO2 as carbonate minerals 
 
Comments: 
Efficiency of storage depends on many factors such as CO2 buoyancy, formation water density, 
lithological heterogeneity and mineralogy. A risk analysis must be completed for each site chosen for 
storage to evaluate the trapping security. 
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SPE 121776 (2009) 
Effect of Aquifer Heterogeneity in CO2 Sequestration  
 
Authors: O.S. Oloruntobi and T. LaForce 
 
Contributions to understanding of CO2 storage aquifer: 
Degree of heterogeneity in a sand pack affects the storage capacity. Three cases were investigated in this 
study. The movement of the fluid (vertically upwards or laterally) is also well discussed.  
 
Objectives: 
Investigate the effect of heterogeneity on the trapping mechanism of CO2 through experiments 
 
Methodology used: 
The experimental set up involves trapping a column of air beneath a brine-saturated sand pack. This 
arrangement was placed in an Amott cell under room temperature. To mimic the background regional 
groundwater support, the Amott cell was filled with brine as well. Measurements of the amount of air 
beneath the sand pack as well as the cumulative air production were made to determine sand pack air 
saturation. 
 
Conclusions reached: 
1. The presence of low-permeability layers increases trapping capacity and vice versa. 
2. As air plume migrates upwards, the buoyancy drive decreases, resulting in some regions of the 
sand pack to serve as capillary barriers. 
3. Unconsolidated sands can trap less CO2 than unconsolidated sands due to channelling. 
4. 40% of CO2 was trapped in and below the sand packs (independent of degree of heterogeneity). 
Comments: 
Pulsing flow (fluctuations of air saturation with brine) was observed in some experiments during air 
breakthrough. 
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Appendix B: Injection and Pressure Profiles 
 
The same injection strategy and condition is used for models A to H. However different responses were 
observed due to the variation of the EOD and geological heterogeneities. Injector A shuts when bottom 
hole pressure reaches 400 bars. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B 1: Injection and pressure profile of Injector A in model A. 
 
 
Figure B 2: Injection and pressure profile of Injector A in model B. 
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Figure B 3: Injection and pressure profile of Injector A in model C. 
Figure B 4: Injection and pressure profile of Injector A in model D. 
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Figure B 5:Injection and pressure profile of Injector A in model E. 
Figure B 6: Injection and pressure profile of Injector A in model F. 
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Figure B 7: Injection and pressure profile of Injector A in model G. 
Figure B 8: Injection and pressure profile of Injector A in model H. 
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Appendix C: Storage Efficiency and Percentage Leaked 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model 
Percentage 
of dissolved 
CO2 (%) 
Percentage 
of trapped 
CO2 (%) 
Percentage 
of mobile 
CO2 (%) 
A 22.8 75.5 1.7 
B 18.7 77.8 3.5 
C 24.2 74.5 1.3 
D 17.1 78.4 4.6 
E 19.5 79.6 0.9 
F 18.4 79 2.7 
G 19.3 78.8 1.9 
H 20.5 78.8 0.7 
 
Table C 3: Fraction of CO2 in dissolved, trapped and mobile state for models A to H. 
Models CO2 injected (Mt) CO2 stored (Mt) Percentage leaked (%) 
A 6.62 6.58 0.61 
B 5.1 5.07 0.63 
C 5.35 5.32 0.62 
D 4.19 4.17 0.62 
E 2.17 2.16 0.60 
F 1.38 1.37 0.65 
G 1.09 1.08 0.64 
H 0.69 0.68 0.58 
Table C 1: Percentage leaked of CO2 for models A to H (open aquifer). Results 
here indicate that leakage is insignificant (i.e. < 1%). 
Models 
Pore volume 
(MRM
3
) 
Pore volume 
injected 
(MRM
3
) 
Storage 
efficiency 
(%) 
A 254 7.131 2.8 
B 196 5.496 2.8 
C 205 5.765 2.8 
D 162 4.521 2.8 
E 84 2.341 2.8 
F 53 1.483 2.8 
G 42 1.177 2.8 
H 26 0.743 2.8 
Table C 2: Storage efficiency of models A to H. 
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Appendix D: CO2 Plume Shape 
 
The shape of the CO2 plume is an inverted cone in models with vertical flow barriers. After injection, 
gravity effects dominate where CO2 migrates upwards. It accumulates under these barriers.  
 
 
Figure D 1: Gas saturations of model A, C, G and H. The numerous inverted cone shapes is a result of the 
vertical flow barriers 
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In models without vertical flow barriers, the shape of the CO2 plume is a continuous one with CO2 
accumulating at the top of the aquifer. 
 
 
 
Figure D 2: Gas saturations of model B, D, E and F. The continuous shape of the CO2 is a result of no 
vertical flow barriers. 
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Appendix E: Codes used for Flow Simulation via ECLIPSE 300 (Model A) 
 
RUNSPEC 
 
TITLE                                   
Dennis_CO2 
 
METRIC                        
 
OPTIONS3 
  7* 1 / 
 
-- Include diffusion 
DIFFUSE 
 
--Four components (to make it saline) 
COMPS 
 4 / 
 
PETOPTS                                 
INITNNC / 
 
MONITOR                                 
 
MULTOUT                       
 
DIMENS                                  
  60 60 129 / 
 
TABDIMS                                 
  2 11* 1 / 
 
CO2STORE 
 
FULLIMP 
 
SOLID 
 
START                                  
  1 JAn 2020 / 
 
SATOPTS 
HYSTER/ 
 
UNIFOUT 
UNIFIN 
-------------------------------------------------------------- 
 
GRID 
 
INIT                                    
 
PINCH                                   
  / 
                              
INCLUDE                                -- Generated : Petrel 
'AABBAA_Ams_lyr_GRID.grdecl'/ 
 
INCLUDE                                 
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'AABBAA_Ams_lyr_PERMX.grdecl'/ 
 
INCLUDE                                
'AABBAA_Ams_lyr_PERMY.grdecl'/ 
 
INCLUDE                                 
'AABBAA_Ams_lyr_PERMZ.grdecl'/ 
 
INCLUDE                                 
'AABBAA_Ams_lyr_PORO.grdecl'/ 
 
NOECHO 
INCLUDE 
'AABBAA_Ams_lyr_MULTZ.grdecl'/ 
-------------------------------------------------------------                                 
 
EDIT 
 
-------------------------------------------------------------- 
 
PROPS 
 
CNAMES 
'H2O' 'CO2' 'NACL'  'CACL2'/ 
 
ZMFVD     ---composition 
-- depth  h20       co2   nacl     cacl2 
 1408      0.9109   0.0   0.0741   0.015  
 1413      0.9109   0.0   0.0741   0.015 /  
 
-- Solid component NACL_S reference density 
SDREF 
 2* 2170.0 1* /   
 
-- Mobility multiplier 
SOLIDMMS 
-- SS   Mult 
   0.0    1.0 
   0.1    0.5 
   0.8    0.0 / 
 
   0.0   1.0 
   0.1    0.5  
   0.8    0.0/ 
 
-- 
-- Set diffusion constants (example) 
-- 
DIFFCWAT 
-- h2o      co2   nacl   cacl2 
  0.0001  0.0001 0.0001  0.0001/ 
 
DIFFCGAS 
--  h2o  co2 
   0.001 0.001  /  
  
-- Temp in deg C 
RTEMP 
 32.2 / 
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-- Water saturation functions (Mt Simon) 
WSF 
--   Sw          Krw         
--  -----        -----        
        
     0.22 0 
     0.376 4.864E-07 
     0.454 1.86989E-05 
     0.532 0.000249037 
     0.61 0.001855469 
     0.688 0.009573811 
     0.766 0.038335927 
     0.844 0.127506842 
     0.922 0.368049465 
     1         0.95       / 
 
 
     0.22 0 
     0.376 4.864E-07 
     0.454 1.86989E-05 
     0.532 0.000249037 
     0.61 0.001855469 
     0.688 0.009573811 
     0.766 0.038335927 
     0.844 0.127506842 
     0.922 0.368049465 
     1         0.95       / 
 
 
-- Gas saturation functions 
GSF 
--    Sg          Krg       Drain Pcog     
--   -----       ------     ----------     
 0  0  0.0 
 0.078  0.003267 0.557126 
 0.156  0.022435 0.690173 
 0.234  0.064971 0.879828 
 0.312  0.132301 1.164446 
 0.39  0.222656 1.622128 
 0.468  0.333245 2.433801 
 0.546  0.461729 4.10626 
 0.624  0.607027 8.582472 
 0.702  0.769423 30.26493 / 
 
--- Sg      Krg  Imb Pcog 
  0.3697 0  1.478908154 
 0.45 0.18594  2.197836596 
 0.5 0.3017  2.963012038 
 0.55 0.41746  4.237025169 
 0.6 0.53322  6.616315264 
 0.65 0.64898  11.95579024 
 0.702 0.76942305 30.26492833 
 0.78 0.95  1267.44/ 
 
EHYSTR 
 
0.07 3 1  0.1  KR NONE/ 
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--Rock data 
 
ROCK 
 137.2  7.25E-5 / 
 
------------------------------------------------------------------- 
REGIONS 
SATNUM 
464400*1/ 
 
IMBNUM 
464400*2/ 
------------------------------------------------------------ 
SOLUTION 
 
--Equilibration data  
EQUIL 
--Datum Pres owc  owc_Pc  goc  goc_Pc ini ini  accuracy  
 1408   174  0.0  0       0.0  0      1    1   0  / 
 
--Controls on output to the restart file 
RPTRST 
 RESTART PRESSURE SGAS SWAT DENG DENW VGAS VWAT XMF AQSP AQPH SSOLID / 
 
BOUNDARY 
 30 30 30 30 38 58 / 
 
 
--Controls on output from SOLUTION section 
RPTSOL 
 PRESSURE SGAS SWAT DENG DENW VGAS VWAT XMF AQSP AQPH SSOLID / 
 
--Field separator 
FIELDSEP 
 1 15.0 1.01 / 
/ 
 
-------------------------------------------------------------- 
 
SUMMARY 
 
-- CO2 dissolved in water phase 
FWCD 
 
-- CO2 trapped (immobile) in gas phase 
FGCDI 
 
-- CO2 mobile in gas phase 
FGCDM 
 
WBHP 
 'INJA' 'INJB' // 
 
--field gas injection rate 
FGIR 
 
--well gas injection rate 
WGIR 
 'INJA' 'INJB'  // 
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-- returns the current cpu usage in seconds 
TCPU 
 
 
BPRES 
15 15 50/ 
15 45 50/ 
45 15 50/ 
45 45 50/ 
30 30 50/  
/ 
 
-- solid saturation 
BSSOLID 
30 30 50/ 
/ 
 
--liquid hydrocarbon component mole fraction 
BXMF  
5 5 50 1/ 
5 5 50 2/ 
5 5 50 3/ 
5 5 50 4/ 
 
55 55  50 1/ 
55 55  50 2/ 
55 55  50 3/ 
55 55  50 4/ 
 
30 30 50 1 / 
30 30 50 2 / 
30 30 50 3 / 
30 30 50 4 / 
/ 
 
BSSOLID 
30 30 50/ 
/ 
 
-- summary files tabulated in the print file at the end of the run 
RUNSUM 
 
-------------------------------------------------------------- 
RPTONLY 
SCHEDULE 
 
-- Lower throughput target and solution change target for aim selection 
-- and increase implicitness, do eval every time step. 
 
BOUNDARY 
 30 30 30 30 38 58 / 
 
RPTSCHED 
 PRESSURE SGAS SWAT DENG DENW VGAS VWAT XMF AQPH SSOLID / 
 
--Define injection well 
WELSPECS 
 'INJA' FIELD 5 5 1408 GAS / 
 'INJB' FIELD 55 55 1408 GAS / 
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 / 
 
COMPDAT 
--well      i j k  k open/shut  sat trans diam    kh    skin & Dfact  Direction 
 'INJA'     2*  1 129   1*          1* 1*    0.09 1*     2*           'Z' / 
 'INJB'     2*  1 129   1*          1* 1*    0.09 1*     2*           'Z' / 
/ 
 
WELLSTRE 
 'SeqCO2' 0.0 1.0 / 
/ 
 
WINJGAS 
 'INJA' STREAM 'SeqCO2' / 
 'INJB' STREAM 'SeqCO2' / 
/ 
 
TUNING 
 1* 30/ 
 3*/ 
 2* 70/ 
 
-- 
-- BHP LIMIT 400 bar 
-- 
 
----------- 
-- 2020  MONTHLY 
----------- 
 
WCONINJE 
 'INJA' GAS OPEN RATE 6.5E5 1* 400 / 
 'INJB' GAS OPEN RATE 6.5E5 1* 400 / 
/ 
 
DATES  
 1 FEB 2020 / 
/ 
 
DATES  
 1 MAR 2020 / 
/ 
 
DATES  
 1 APR 2020 / 
/ 
 
 
DATES  
 1 MAY 2020 / 
/ 
 
 
DATES  
 1 JUN 2020 / 
/ 
WCONINJE 
 'INJA' GAS OPEN RATE 6.0E5 1* 400 / 
 'INJB' GAS OPEN RATE 6.0E5 1* 400 / 
/ 
[Reservoir Description of a Middle Eastern CO2 Storage Aquifer]  39 
 
 
DATES  
 1 JLY 2020 / 
/ 
 
 
DATES  
 1 AUG 2020 / 
/ 
 
 
DATES  
 1 SEP 2020 / 
/ 
 
 
DATES  
 1 OCT 2020 / 
/ 
 
 
DATES  
 1 NOV 2020 / 
/ 
 
DATES  
 1 DEC 2020 / 
/ 
 
----------- EVERY TWO MONTHS 
-- 2021 
----------- 
 
DATES  
 1 FEB 2021 / 
/ 
WCONINJE 
 'INJA' GAS OPEN RATE 5.5E5 1* 400 / 
 'INJB' GAS OPEN RATE 5.5E5 1* 400 / 
/ 
 
 
 
DATES  
 1 APR 2021 / 
/ 
 
DATES  
 1 JUN 2021 / 
/ 
WCONINJE 
 'INJA' GAS OPEN RATE 5E5 1* 400 / 
 'INJB' GAS OPEN RATE 5E5 1* 400 / 
/ 
 
DATES  
 1 AUG 2021 / 
/ 
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DATES  
 1 OCT 2021 / 
/ 
 
DATES  
 1 DEC 2021 / 
/ 
 
-----------   EVERY 5 MONTHS 
-- 2022 
----------- 
DATES  
 1 JAN 2022 / 
/ 
WCONINJE 
'INJA' GAS OPEN RATE 4.5E5 1* 400 / 
 'INJB' GAS OPEN RATE 4.5E5 1* 400 / 
/ 
DATES  
 1 JUN 2022 / 
/ 
 
DATES  
 1 DEC 2022 / 
/ 
 
 
----------- 
-- 2023      YEARLY 
----------- 
 
DATES  
 1 DEC 2023 / 
/ 
 
----------- 
-- 2024 
----------- 
 
DATES  
 1 DEC 2024 / 
/ 
WCONINJE 
'INJA' GAS OPEN RATE 4E5 1* 400 / 
 'INJB' GAS OPEN RATE 4E5 1* 400 / 
/ 
----------- 
-- 2025 
----------- 
 
DATES  
 1 DEC 2025 / 
/ 
----------- 
-- 2026 
----------- 
 
DATES  
 1 DEC 2026 / 
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/ 
 
----------- 
-- 2027 
----------- 
 
DATES  
 1 DEC 2027 / 
/ 
WCONINJE 
 'INJA' GAS OPEN RATE 3.5E5 1* 400 / 
 'INJB' GAS OPEN RATE 3.5E5 1* 400 / 
/ 
----------- 
-- 2028 
----------- 
DATES  
 1 DEC 2028 / 
/ 
 
----------- 
-- 2029 
----------- 
 
DATES  
 1 DEC 2029 / 
/ 
 
-----------   EVERY TWO YEARS 
-- 2030     
----------- 
 
DATES  
 1 DEC 2030 / 
/ 
WCONINJE 
 'INJA' GAS OPEN RATE 2.5E5 1* 400 / 
 'INJB' GAS OPEN RATE 2.5E5 1* 400 / 
/ 
----------- 
-- 2032 
----------- 
 
DATES  
 1 DEC 2032 / 
/ 
 
----------- 
-- 2034 
----------- 
 
DATES  
 1 DEC 2034 / 
/ 
WCONINJE 
'INJA' GAS OPEN RATE 2E5 1* 400 / 
 'INJB' GAS OPEN RATE 2E5 1* 400 / 
/ 
 
----------- 
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-- 2036 
----------- 
 
DATES  
 1 DEC 2036 / 
/ 
 
----------- 
-- 2038 
----------- 
 
DATES  
 1 DEC 2038 / 
/ 
 
 
----------- 
-- 2040    EVERY 4 MTHS 
----------- 
 
DATES  
 1 DEC 2040 / 
/ 
 
WELLSHUT 
'INJA' /  
'INJB' / 
/ 
 
----------- 
-- 2042 
----------- 
 
DATES  
 1 DEC 2042 / 
/ 
 
 
----------- 
-- 2044 
----------- 
 
DATES  
 1 DEC 2044 / 
/ 
 
----------- 
-- 2046 
----------- 
 
DATES  
 1 DEC 2046 / 
/ 
 
 
 
----------- 
-- 2048 
----------- 
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DATES  
 1 DEC 2048 / 
/ 
 
----------- 
-- 2050 
----------- 
 
DATES  
 31 DEC 2050 / 
/  
 
-------------EVERY 10 years 
DATES 
31 DEC 2060/ 
/ 
 
DATES 
31 DEC 2070/ 
/ 
 
DATES  
 31 DEC 2080 / 
/    
-------------EVERY 20 years 
DATES  
 31 DEC 2100 / 
/    
 
DATES  
 31 DEC 2120 / 
/    
 
-------------EVERY 100 YEARS   
 
DATES  
 31 DEC 2220 / 
/    
 
 
 
 
END 
